Intermetallic compounds represent an extensive pool of candidates for energy related applications stemming from magnetic, electric, optic, caloric, and catalytic properties. The discovery of novel intermetallic compounds can enhance understanding of the chemical principles that govern structural stability and chemical bonding as well as finding new applications. Valence electron-poor polar intermetallics with valence electron concentrations (VECs) between 2.0 and 3.0 e-/atom show a plethora of unprecedented and fascinating structural motifs and bonding features. Therefore, establishing simple structure-bonding-property relationships is especially challenging for this compound class because commonly accepted valence electron counting rules are inappropriate.
During our efforts to find quasicrystals and crystalline approximants by valence electron tuning near 2.0 e -/atom, we observed that compositions close to those of quasicrystals are exceptional sources for unprecedented valence electron-poor polar intermetallics, e.g., Ca 4 Au 10 In 3 containing (Au 10 In 3 ) wavy layers, Li 14.7 Mg 36.8 Cu 21.5 Ga 66 adopting a type IV clathrate framework, and Sc 4 Mg x Cu 15-x Ga 7.5 that is incommensurately modulated. In particular, exploratory syntheses of AAu 3 T (A = Ca, Sr, Ba and T = Ge, Sn) phases led to interesting bonding features for Au, such as columns, layers, and lonsdaleite-type tetrahedral frameworks. Overall, the breadth of Au-rich polar intermetallics originates, in part, from significant relativistics effect on the valence electrons of Au, effects which result in greater 6s/5d orbital mixing, a small effective metallic radius, and an enhanced Mulliken electronegativity, all leading to ultimate enhanced binding with nearly all metals including itself. Two other successful strategies to mine electron-poor polar intermetallics include lithiation and "cation-rich" phases. Along these lines, we have studied lithiated Zn-rich compounds in which structural complexity can be realized by small amounts of Li replacing Zn atoms in the parent binary compounds CaZn 2 , CaZn 3 , and CaZn 5 ; their phase formation and bonding schemes can be rationalized by Fermi surface-Brillouin zone interactions between nearly-free-electron states. "Cation-rich", electron-poor polar intermetallics have emerged using rare earth metals as the electropositive ("cationic") component together metal/metalloid clusters that mimic the backbones of aromatic hydrocarbon molecules, which give evidences of extensive electronic delocalization and multicenter bonding. Thus, we can identify three distinct, valence electron-poor, polar intermetallic systems that have yielded unprecedented phases adopting novel structures containing complex clusters and intriguing bonding characteristics.
In this Account, we summarize our recent specific progress in the developments of novel Au-rich BaAl 4 -type related structures, shown in the "gold-rich grid", lithiation-modulated Ca-Li-Zn phases stabilized by different bonding characteristics, and rare earth-rich polar intermetallics containing unprecedented hydrocarbon-like planar Co-Ge metal clusters and pronounced delocalized multicenter bonding. We will focus mainly on novel structural motifs, bonding analyses, and the role of valence electrons for phase stability.
BACKGROUND
Thirty-two years ago, Schäfer 1 noted "our knowledge of the number of compounds in the (intermetallic) systems, their chemical properties, and most of important, the bonding mechanism in these phases are far less developed than in other chemical fields." Today, bonding characteristics of extended solids remain one of the central and challenging topics 2-7 in solidstate chemistry despite seeing rapid growth of the discovery of new intermetallic and metal-rich compounds during the past decades. Intermetallic compounds consisting of main group metals, which include groups 11 and 12 elements, can be broadly divided into three large groups according to the degree of charge transfer from electropositive to electronegative components, as sketched in Figure 1 . Hume-Rothery (HR) phases 8 comprise components with similar sizes and electronegativities, so that there is minimal charge transfer and significant interatomic orbital overlap between them. HR phases occur for characteristic valence electron concentrations, or usually called (valence) electrons per atom (e/a values). Quasicrystals and approximants belong to HR phases, with their stability following the Fermi Surface-Brillouin Zone (FS-BZ) interaction mechanism. In contrast, the constituents of Zintl phases 9,10 have a larger electronegativity difference. Typically, the "cations" come from alkali or alkaline earth metals and "anions" are nearby the Zintl border between groups 13 and 14. Essentially complete charge transfer between constituents is manifested in Zintl phases, thus ionic interactions contribute to bonding of the two strongly polarized counterparts, but covalent bonding exists within the anionic substructure if these atoms are not formally closed shell. The stability of anionic substructures in Zintl phases follow schemes like the Octet Rule, Wade-Mingo's Rules 11, 12 and others. 13 Between Hume-Rothery and Zintl phases are polar intermetallics, which show partial charge transfer from electropositive metals (alkali, alkaline earth, or rare earth metals) to electronegative metals and/or metalloids (late transition and/or post transition elements). 9 Like Zintl phases, polar intermetallic compounds simultaneously possess ionic and covalent interactions. However, the commonly accepted valence electron counting rules fail frequently to rationalize the structures and compositions of polar intermetallics, in particular for those containing transition metals. Polar intermetallics represent a widespread pool of advanced, energy-related materials such as permanent ferromagnets, magnetocalorics, shape memory alloys, superconductors, hydrogen storage materials, and thermoelectrics. Thus, polar intermetallics have received extensive recent attention, although elucidating structure-bondingproperty relationships remains challenging for these materials. Exploration of novel polar intermetallics is therefore desirable to expand the understanding of chemical principles that govern their stabilities and chemical bonding as well as to find new applications.
We began exploratory syntheses of quasicrystals and approximants ∼15 years ago using valence electron tuning to the pseudogap of the electronic DOS for Mg 2 Zn 11 -type crystalline precursors. [14] [15] [16] [17] [18] [19] [20] Interested readers may refer to the review article, "A Chemical Approach to the Discovery of Quasicrystals and Approximants". 21 During the exploratory synthesis of quasicrystals, we often encountered novel complex crystalline intermetallics with compositions nearby quasicrystals, e.g., Mg 35 24 opportunity exists to obtain new polar intermetallics at low e/a values, at least for Au-based intermetallics. 28 Relatives discovered among neighboring Na/K-Au-Ga/In/Sn (A = alkali metal) [29] [30] [31] [32] and Na/Ca/Sr/Ba-Au/Pt-Zn/Cd [33] [34] [35] systems are excellent suggestions of wonders to come in neighboring Au-rich polar intermetallic systems.
Among all polar intermetallics we have investigated, CaAu 3 Ga is remarkable because, as a cubic approximant with the lowest order (1/0) to an icosahedral quasicrystal, 36 this structure lacks icosahedral clusters, which contradicts the common assumption for a quasicrystal approximant. We suspect that compounds isostructural to CaAu 3 Ga should be prospective precursors for quasicrystals, just like Mg 2 Zn 11 -type phases. Therefore, we reinvestigated other isostructural examples, NaAu 3 Ge and NaAu 3 Sn, for valence electron tuning to quasicrystals, 37, 38 and designed isocompositional phases AAu 3 T (A = Ca, Sr, Ba and T = Ge, Sn) for new isostructural compounds.
In this Account, we will demonstrate a profound chemistry for: (1) BaAl 4 -type Au-rich phases by varying valence electron counts; (2) a series of novel lithiated Zn-rich intermetallics; and (3) rare earth-rich polar intermetallics containing planar hydrocarbon-like metal clusters exhibiting multicenter bonding. In all cases, the synthetic motivation, structural motifs, and phase stabilization mechanisms, such as VEC, size factors, and bonding features, are emphasized.
Understanding the relationships among these various factors will illuminate predictable synthetic strategies of novel metal-rich compounds.
BaAl 4 -Type Related Electron-Poor Au-Rich Intermetallics
According to experience, 21,28,39 gold does not behave as a noble metal in intermetallics. Aurich intermetallics are a fertile field to discover new valence electron-poor polar intermetallics, such as those identified in Figure 2 by loading "AAu 3 T". These outcomes demonstrate that there are numerous structural motifs involving Au, and the formation and stabilization of a polar intermetallic phase is often influenced by many factors, so that any subtle change of relative atomic sizes, bond distances, valence electron counts, chemical composition, or temperature could result in a different outcome.
SrAu 3 Ge. SrAu 3 Ge can be obtained by fusion of stoichiometric mixtures of elements at
700 o C for 6h, followed by slow cooling to 400 o C at which it is annealed for 6 days, and then quenched to room temperature. SrAu 3 Ge is a line compound, stable in air at room temperature.
The structure of SrAu 3 Ge (P4/nmm; a = 6.274(1) Å, c = 5.4944(9) Å), 40 
BaAu x Sn 4−x .
For "BaAu 3 Sn", the product is dominated by a novel Ba 2 Au 8 Sn phase 45 together with minor amounts of CaBe 2 Ge 2 -type BaAu x Sn 4−x . 46 During a careful examination of the phase width of BaAu x Sn 4-x , all three ordered derivatives of the prototypic BaAl 4 -type were found, 46 as shown in Figure 5 . According to refined compositions, the homogeneity ranges for the BaNiSn 3 -type (I4mm), ThCr 2 Si 2 -type (I4/mmm), and CaBe 2 Ge 2 -type (P4/nmm) phases are estimated to be x = 0.78(1)-1, 1.38 (1) Based on these results, the relationship between the formation of BaAl 4 -type derivatives and VEC is clear. That is, the BaAu 3 Ge-type/La 3 Al 11 -type, the CaBe 2 Ge 2 -type, the ThCr 2 Si 2 -type, the BaNiSn 3 -type, and the CeMg 2 Si 2 -type structures occur sequentially from low to high VEC = ~8-16e − /formula unit, or e/a values of 1.6-3.2. This range, in fact, covers a wide range of intermetallic compound classes from Hume-Rothery phases to Zintl phases. 3 . The reaction targeting "BaAu 3 Sn" also yielded the Au-richest polar intermetallic phase Ba 2 Au 8 Sn, 45 which was shown to be essentially a line compound formulated as Ba 2 Au 6 (Au 3−x Sn x ) (x ∼ 1). The structure of Ba 2 Au 8 Sn is rhombohedral with three independent atoms in the structure, i.e., 12c sites for Ba, 36f sites for Au, and 18e sites for Au/Sn mixture.
Ba 2 Au 6 (Au,T)
Further exploration shows that Sn in Ba 2 Au 6 (Au 3−x Sn x ) can be replaced by Al, Ga, In, Zn, and Cd, with various phase widths, and the counteraction Ba can be replaced by Sr, together with possible structural distortions. 49 The structure of Ba 2 Au 8 Sn is unusual in many ways. As shown in Figure 6 
Lithiated Zn-Rich intermetallics
The formation of a tetrahedral net of Au atoms in Ba 2 Au 8 Sn as a solution to accommodate a limited number of bonding electrons (1.45e − /atom) is intriguing, as opposed to the "icosogen capability" 51 of group 13 elements to form deltahedra in response to valence electron deficiency.
This outcome motivated interest to examine how group 12 elements respond in solids with low
VECs. The Ca-Li-Zn ternary diagram serves as a good system to explore Zn-rich, yet valence electron-poor intermetallics because there is no reported ternary compound so far.
We investigated regions close to the known CaZn 2 , CaZn 3 , and CaZn 5 binaries, and found various complex structures arising from decreasing VECs by small additions of lithium. For phases with VECs close to that of typical Zintl phases (> 3.0e − ), Zn behaves like group 13 elements by forming deltahedral clusters, e.g., icosahedra; for smaller VECs closer to Hume-Rothery phases (~ 2.0e − ), Zn forms heavily condensed and defect deltahedral clusters. In this structure, only two out of six Zn sites mix with Li, and they are especially aggregated with the arachno-(Zn,Li) 18 drums. Li atoms fully occupy the site at the center of each Zn 12 icosahedron. Since Li atoms in this structure are tightly wrapped by Zn atoms, the product is unreactive on exposure to air and water at room temperature.
The VEC values for Ca~3 0 Li 3+x Zn 60-x (~182.5e − /formula unit) are about 10-20 electrons less than isostructural compounds Ca 30 Cu 25.0 Al 38.0 (199.0e − ), Na 8 K 23 Cd 12 In 48 (199.0e − ) and Na 30.5 Ag 6.4 Ga 53.6 (197.7e − ). However, valence electron counting for Ca~3 0 Li 3+x Zn 60-x given in Table 1 yields a small difference between bonding electrons (180e − ) required for structural stabilization and the number provided from its components (~182.5e − ), suggesting that works for these two complex structures. Using the average valence electron density, the diameter of the Fermi sphere (2k F ) for trigonal "Ca 12 LiZn 58 " is calculated as 1.451 Å −1 , a value that closely matches 1.447 Å −1 , which is radius (|K hkl |/2) of the Brillouin zone defined by the (1, 2, 17) and (1, 3, 4) Miller planes, which generate the strong diffraction peak at 2θ ≈ 41.7 o in the Xray diffraction pattern, Figure 10 . In fact, the pseudogap in the calculated electronic DOS curve at ca. −0.5 eV corresponds to the strongest diffraction peak at ~39.5 o . For hexagonal Ca 15 Li x Zn 75−x , such calculations reveal a similar scenario, that is, the Fermi sphere is found just within a Brillouin zone defined by the (2 0 16), (2 2 0), and (3 0 10) planes, corresponding to the strongest peak at 2θ ~ 39.2 o . Therefore, both Ca 12 Li x Zn 59−x and Ca 15 Li x Zn 75−x belong to Hume-Rothery phases and their phase stability can be rationalized by a Fermi surface-Brillouin zone interaction mechanism. 8 
4.

Rare Earth-Rich Polar intermetallics
In previous sections, we recognized that alkaline earth metals, which are commonly assumed to be active electron donors, sometimes do not donate all valence electrons to electronegative components in valence electron-poor polar intermetallics, such as Ca in Ca-Li-Zn phases and Ba in Ba 2 Au 8 Sn. Rather, they exhibit pronounced covalent bonding interactions with these elements.
In this section, we demonstrate that rare earth metals are also partial valence electron donors in rare earth-rich polar intermetallics.
As illustrated in Figure 11 , the structure of Pr 5 Co 2 Ge 3 55 features two unprecedented molecular species, Co 2 Ge 4 and (Co 2 Ge 2 ) n with geometries resembling ethylene and polyacene, respectively.
These two moieties interpenetrate planar honeycomb nets of rare earth atoms to form slabs that alternately stack with layers of rare earth tetrahedra. In comparison, the structure of Pr 7 Co 2 Ge 4 contains planar Co 4 Ge 6 clusters that mimic the carbon backbone of 1,2,4,5-tetramethylbenzene.
Pr atoms in Pr 5 Co 2 Ge 3 can be replaced by almost all lanthanides and Co by Ni. For Pr 7 Co 2 Ge 4 , substitutions by other heavy rare earth metals for Pr and Ni for Co are also possible, with tunable dominant ferromagnetic interactions.
We suspect that these planar hydrocarbon-like metal clusters could be stabilized by specific numbers of valence electrons, like aromatic or anti-aromatic molecules. In fact, molecular orbital energy diagrams of Co 2 Ge 4 , (Co 2 Ge 2 ) n , and Co 4 Ge 6 clusters show delocalized π and π* bonding at the HOMO and LUMO. 55 Unfortunately, it is difficult to assign unambiguous formal charges to these metal-metalloid clusters arising from the unknown formal charge of Co and incomplete charge transfer from Pr to Co/Ge. As yet, the evidence is insufficient to conclude whether the Hückel (4n + 2)π-electron counting rule applies for aromaticity or not.
But, electron delocalization within the planar Co-Ge clusters is evident from charge density and electron localization function (ELF) plots, 55 as well as COHP plots for Co−Co and Co−Ge interactions, shown in Figure 12 , which identify the states near the Fermi level to be Co−Co and 
